3D mesh models generated with range scanner or video images often have holes due to many occlusions by other objects and the object itself. This paper proposes a novel method to fill the missing parts in the incomplete models. The missing parts are filled by minimizing the energy function, which is defined based on similarity of local shape between the missing region and the rest of the object. The proposed method can generate complex and consistent shapes in the missing region. In the experiment, the effectiveness of the method is successfully demonstrated by applying it to complex shape objects with missing parts.
INTRODUCTION
3D models of real environments are widely used for entertainment and digital archives. Thus, automatic generation of 3D models by using range scanner and video images has been investigated. Such methods can obtain whole 3D models by measuring the target objects from multiple view points and integrate the partial shapes. However, when the target is a large and complex environment such as an outdoor scene, it is difficult to generate the complete 3D models without holes due to many occlusions. For this problem, lots of surface completion methods which fill the missing regions and obtain complete 3D mesh models have been proposed. These methods are classified into two categories: One is based on considering the smoothness of surface shape and the other is based on using example shapes.
As methods considering the smoothness of surface shape, partial differential equation, moving least squares and Willmore flow have been used for filling holes [1, 2, 3] . These methods can fill the missing regions with smooth surface patches. Although they are effective for small holes in a 3D model, unnatural shapes may be generated when the missing parts are large and surrounding shape is complex because the methods cannot generate a complex surface. As another approach considering the smoothness, volumetric-based methods have been proposed [4, 5] . Davis et al. [4] have filled holes by diffusing the signed distance function. This method largely depends on the location and the number of measuring points. Thus, it is difficult to obtain good results when the location is grossly one-sided and the number is small. Podolak et al. [5] have used the graph cut to interpolate a surface. Though this method can generate a continuous surface, to generate complex shapes in the missing region, user's manual inputs are required.
On the other hand, in order to generate complex shapes in missing regions, the methods using example shapes on other parts of the object (data region) have been proposed [6, 7, 8, 9, 10] . These methods calculate the similarity between the local surface shape around the missing regions and that in the data region and fill the missing regions by copying the most similar surface patches successively. The methods can generate complex surfaces. However, a discontinuous surface is easily generated on the seam in the completed model.
In this paper, to solve these problems, the energy function which represents the non-plausibility of surface shape is defined using the similarity between the local surface shapes of the missing and data regions. By minimizing the energy for whole the missing region, the model without discontinuous surface shapes can be generated as an optimal solution. Fig. 1 illustrates the flow diagram of the proposed method. First, a user manually selects missing regions to be repaired in a model (a). Next, initial points and faces are generated to the missing regions (b). Finally, by repeating addition and deletion of points considering density of points (c) and updating positions of points by minimizing energy (d), whole surface is optimally completed. In the following sections, first, the energy function is defined based on local shape similarity SSD in Section 2.1. Next, Section 2.2 describes the procedure that minimizes the energy function.
SURFACE COMPLETION BY MINIMIZING AN ENERGY FUNCTION

Energy function based on similarity of local shape
As illustrated in Fig. 2 , first, a 3D model is divided into region ª ¼ including the missing region ª selected by a user and the data region¨which is the rest of the object. The plausibility in the missing region ª is defined by using surface shape in 
Here, the weight Û p is set as ½ if p is inside of the region ª ¼ ª because positions of points in this region are fixed: otherwise Û p is set as ¾ ½ ( is the distance from the boundary of ª, and ½ and ¾ are constants) because positions of points around the boundary have higher confidence than those in the center of the missing region. In Eq. (1), the weight is normalized because the weight of each point change due to the movement of points. f´pµ in the data region¨denotes the central point of the spherical area whose local shape is the most similar to that of point p. The point f´pµ for minimizing is determined as follows:
In this paper, Ë Ë ´p f´pµµ that represents the similarity of local shape between the missing and data regions is defined as the sum of distances between the points in the area p whose central point is p and the aligned surface around f´pµ as follows: Matrix for surface alignment M f´pµp is defined as follows:
where´x p y p z p µ and´x f´pµ y f´pµ z f´pµ µ are basis vectors for p and f´p), and´Ü p Ý p Þ p µ and´Ü f´pµ Ý f´pµ Þ f´pµ µ are 3D positions of p and f´pµ in global coordinate system, respectively. In this study, z p is determined as the unit normal vector of the point p. x p and y p is calculated as Eqs. (5) and (6) .
x f´pµ , y f´pµ and z f´pµ are also determined in the same way.
Energy minimization: Update of positions of points
After generating initial points and faces in missing regions, positions of points are updated so as to minimize the energy function defined in Eq. (1) using a framework of greedy algorithm. In our definition of the energy , the energy for each point can be treated independently if similar shape pairs (p, f´pµ) determined by Eq. (2) can be fixed. Thus, the following two processes are repeated until the energy converges: (i) update of similar shape pairs fixing positions of points, and (ii) parallel update of all the positions of points fixing similar shape pairs. In the process (i) above, the update of the similar shape pair is performed by calculating f´pµ fixing the positions of all the points in the missing region with Eq. (2). Concretely, Ë Ë is calculated by Eq. (3) for all the points in the data region¨and the point which gives a minimum SSD value is determined as the most similar point f´pµ. In the process (ii), the positions of all the points p in the missing region are updated in parallel so as to minimize the energy defined by Eq. (1). In the following, we describe the method for calculating the positions of points p for fixed similar shape pairs. First, the energy is resolved into the element energy ´pµ for each point in the missing region. As shown in Fig. 4 , the target point to be updated is p, and the position of the point inside a spherical area p can be expressed as p and is corresponded to f´p µ by Eq. (2). In this case, the point corresponding to the point p is g ´pµ. Now, the element energy ´pµ can be defined in terms of p, g ´pµ and matrix M f´p µp for surface alignment as follows:
The relationship between the total energy and the element energy ´pµ for each point can be written as follows:
is the energy for the points in the region ª ª ¼ , and is treated as a constant because positions of points and all the similar shape pairs are fixed in this region in the process (ii).
Here, note that all the corresponding points M f´p µp g ´pµ ( p ¾ p ) exist in the normal direction of point p. Thus, as shown in Fig. 5 , points p and M f´p µp g ´pµ can be represented by using the normal vector n p of p, an arbitrary point p ¼ in the normal direction of p and parameters Ø p and Ø´p pµ as follows:
M f´p µp g ´pµ p ¼ · Ø´p pµ n p (10) By substituting them into Eq. (7), the element energy is represented as follows: Here, by the assumption that the normal vector n p does not change after updating the position of p, all the parameters in ´pµ except Ø p are constants. In addition, the change of Ø p dose not affect the element energy of other points. Thus, by minimizing the element energy ´pµ independently, whole energy can be minimized. The parameter Ø p that minimizes ´pµ is calculated as follows:
From Eqs. (9), (10) and (12), the position of p that minimizes ´pµ is calculated as follows:
Actually, the value in Eq. (13) is an approximate solution because the normal vector n p changes due to the update of the positions of p. However, a good solution can be obtained as the energy converges because the change of the normal vector becomes smaller as the energy converges.
EXPERIMENT
To demonstrate the effectiveness of the proposed method, we have applied the method to two surface models. They have different characteristics as shown in Figs. 6(a) and 7(a). The missing region of each model were given manually. In the experiment, as the initial points in the missing region, the gravity point of the boundary points of the missing region and the median points between the gravity point and each boundary point were given. Faces were generated so as to connect these points. Model A is a bowl model that has a smooth curved surface and raised edges along the curve around the missing region. Fig. 6(b) shows the model with initial points and faces. The initial model is not natural due to rectilinear faces. By refining this initial model with our method, as illustrated in Fig. 6(c) , the missing region is completed with a smooth curved surface similar to the surface in the data region. Raised edges are Model B is Stanford Bunny that has a rugged surface and a dent edge between the body and the leg of the bunny around the missing region. By refining the surface from the initial model shown in Fig. 7(b) , a natural rugged surface is generated and a dent edge is connected in the missing region as shown in Fig. 7(c) . The completed solid and mesh model from a different angle is shown in Fig. 7(d) . Mesh arrangement looks also natural on the rugged face and the dent edge.
CONCLUSION
In this paper, we have presented a novel method for surface completion based on energy minimization. In the experiment for two kinds of shape objects, our method have generated the complex and natural surface shapes in the missing regions. In future work, our method will be applied to 3D models for large environments such as outdoor scenes. A surface completion method for shape and color should also be investigated.
